The microscopic effective reaction theory is applied to deuteron-induced reactions. A reaction model-space characterized by a p + n + A three-body model is adopted, where A is the target nucleus, and the nucleon-target potential is described by a microscopic folding model based on an effective nucleon-nucleon interaction in nuclear medium and a one-body nuclear density of A. The three-body scattering wave function in the model space is obtained with the continuum-discretized coupled-channels method (CDCC), and the eikonal reaction theory (ERT), an extension of CDCC, is applied to the calculation of neutron removal cross sections. Elastic scattering cross sections of deuteron on 58 Ni and 208 Pb target nuclei at several energies are compared with experimental data. The total reaction cross sections and the neutron removal cross sections at 56 MeV on 14 target nuclei are calculated and compared with experimental values.
INTRODUCTION
Projectile-breakup reactions have been utilized for studying the structures of nuclei, in the field of physics of unstable nuclei in particular. One of the most successful models for describing breakup processes of a nucleus into a few fragments is the continuum-discretized coupled-channels method (CDCC) [1] [2] [3] . The theoretical foundation of CDCC through its relation to the distortedwave Faddeev theory was given in Refs. [4, 5] . Recently, progress has been made to construct scattering potentials employed in CDCC calculation from a microscopic point of view. This attempt can be interpreted as an application of the microscopic reaction theory [3] , which is based on the multiple scattering theory for nucleusnucleus scattering [6] , to reaction processes involving a weakly-bound projectile, by setting an appropriate model space. Very recently, a microscopic description of the projectile wave function also has been reported [7] . Such a microscopic description of breakup processes is crucial for quantitative determination of structure of unstable nuclei from reaction observables.
In this work, we discuss the breakup of deuteron, the simplest composite nucleus, to examine the microscopic effective reaction theory, i.e., CDCC with an appropriate reaction model-space and the microscopic nucleonnucleus (N -A) optical potentials. Nowadays, N -A scattering observables can be described microscopically with no free adjustable parameter [8] [9] [10] . It is thus expected that the microscopic CDCC calculation can describe deuteron elastic scattering data that have successfully been reproduced by CDCC with phenomenological N -A optical potentials [1] . It should be pointed out that the model in the present study differs from a fully microscopic calculation such as those of ab-initio method * neohys@rcnp.osaka-u.ac.jp [11] . The limitation of the three-body model description compared with a many-body reaction theory can be seen in, e.g., Ref. [12] . Nevertheless, the deuteron elastic scattering and its elastic breakup processes have successfully been described by CDCC, a three-body reaction model, with phenomenological optical potentials. The purpose of the present study is to implement microscopic optical potentials in the usual CDCC calculation. This can be regarded as an effective microscopic reaction model based on a three-body model.
It should be noted that the deuteron breakup states in the intermediate channel, i.e., the virtual breakup of deuteron, was shown to be crucial for describing the deuteron elastic scattering [1, 2] . Convergence of the CDCC results with respect to the p-n relative orbital angular momentum ℓ (including odd partial waves) is discussed as well as the Coulomb breakup contribution. Furthermore, we apply the eikonal reaction theory (ERT) [13] with microscopic optical potentials, microscopic ERT, to the calculation of the total reaction cross sections σ R and the neutron removal cross sections σ −n on various target nuclei measured at 28 MeV/nucleon [14] . ERT is an extension of CDCC for inclusive breakup observables and can be interpreted as also the extension of the Glauber model to explicitly take into account the p-A Coulomb interaction, hence the Coulomb breakup effects on those observables.
In Sec. II, we describe the method of microscopic CDCC, followed by the methodology used to extract inclusive neutron removal cross section using ERT. The numerical results of microscopic CDCC and ERT are presented in Sec. III. In Sec. IV we give a summary.
II. FRAMEWORK
As deuteron is well-known to be a weakly bound nucleus consisting of proton (p) and neutron (n), deuteroninduced nuclear reactions are, as a result of an appropri- ate choice of the reaction model-space, often treated as a p + n + A three-body system. The total wave function Ψ satisfies the Schrödinger equation
where the coordinates R and r are defined as shown in Fig. 1 and the total Hamiltonian H is the sum of the relative kinetic operators and the potentials in the center-ofmass frame. In the three-body system, the total potential is written as
V pn is the interaction between p and n, U p (U n ) is the nuclear potential between p (n) and A, and V C is the Coulomb potential between p and A. A general overview of the microscopic construction of potentials U p and U n is given in Ref. [3] . According to that, in the present work, we adopt the microscopic nucleon-target potentials obtained by folding the Melbourne g-matrix interaction [8] with a target density in the same manner as in Ref. [15] . Target densities used in the folding procedure are obtained by the Hartree-Fock calculation with the Gogny D1S force as explained in Ref. [16] . The validity of the microscopic optical potentials for proton elastic scattering is shown in Refs. [15] and [16] . Then Eq. 1 with the microscopic optical potentials is solved by CDCC [1] [2] [3] . In our microscopic optical potential the nonlocality coming from knockon-exchange process is taken into account properly with the localization method by Brieva and Rook [16] but the potential is still energy-dependent. We adopt the choice of E d /2 as the energy of optical potentials in the present study. This prescription is valid for elastic scattering as discussed in Refs. [17, 18] . For deuteron stripping reaction (d, p), Timofeyuk and Johnson suggested that a different choice of the energy of optical potentials is needed [18] , as mentioned above. It is nontrivial whether the energy-dependence of optical potential is crucial or not for other reaction observables. However, we can expect that the energy-dependence coming from a nonlocal effect is not essential for elastic breakup and neutron removal reactions since such reactions are determined by the asymptotic behavior of scattering wave functions.
We denote the neutron removal cross section from deuteron as σ −n . It can be written as the sum
where σ EB is the elastic breakup cross section and σ n:STR is the neutron stripping cross section; in the elastic breakup A stays in the ground state, whereas in the stripping A is excited to unspecified states. σ EB is calculated with CDCC and σ n:STR with ERT [13, 19] . The essence of ERT is that the scattering matrix is divided into the proton and neutron parts, S p and S n , respectively, by using the adiabatic approximation to only U n [19] . With S p and S n thus separated, we can define σ n:STR as
where b is the impact parameter and |0 is the ground state of deuteron. Equation (3) has the simple interpretation regarding projectile deuteron; it is the joint probability of the proton being scattered off (survival probability) and the neutron being absorbed out of the model space (absorption probability) simultaneously. From Eq. (3), one sees [19] that
where σ R (p) and σ EB (p) are the total reaction and elastic breakup cross sections, respectively, obtained by solving Eq. (1) without U n . Thus Eq. (2) becomes
Equation (5) gives the prescription formula to obtain the inclusive neutron removal cross section from deuteron, whose components can be obtained with CDCC.
III. RESULTS AND DISCUSSION
In the description of the p-n system, we adopt a onerange Gaussian interaction [20] as V pn . The intrinsic spin S of deuteron is assumed to be zero for simplicity; the effect of such non-zero intrinsic spin will be discussed later for high-energy case. The p-n breakup states with s-, p-, d-, f-, g-, h-, and i-partial waves are included. Each of them is discretized by the momentum-bin method with an equal increment ∆k = 0.1 fm −1 to a maximum of
The maximum values of r and R are 100 fm and 250 fm, respectively. Figure 2 shows the elastic differential cross sections of deuteron scattering on 58 Ni at 80 MeV. Figure 3 shows the elastic scattering result of 56 MeV deuteron on 12 C and 58 Ni, while Fig. 4 shows the elastic scattering of 52 MeV deuteron on 16 O. The microscopic calculations show good agreement with the experimental data [21] up to the large angles without any free parameters. At these energies, the microscopic CDCC calculation shows better agreement than the previous calculation [22] with the phenomenological potential, even though the tensor coupling between the deuteron s-and d-states is not included here.
A. Deuteron Elastic Scattering
However, the microscopic calculation (solid line) at 21.6 MeV cannot reproduce the data at backward angles (Fig. 5) . This may indicate that the microscopic optical potentials are invalid at such low energies (around 10 MeV for nucleon energy). This will be reasonable because in the folding model calculation adopted, only the knockon exchange is taken into account. In other words, the total wave function of the nucleon-nucleus system is not fully antisymmetrized. As discussed in Ref. [25] , at higher energies this treatment is justified. At low energies, however, other complicated exchange process will become important and the present folding model procedure will lose the justification.
The advantage of the present calculation compared to previous studies is twofold. First, we include not only even-but also odd-partial ℓ waves of the p-n breakup states which are previously ignored in Refs. [22, 26, 27] . The odd-partial waves contribute mainly to the Coulomb breakup processes that are expected to be important at lower incident energies. Secondly, we clarify the role of ℓ > 2 to the elastic and breakup cross section which is not taken into account by previous studies such as those in Ref. [28, 29] . In particular, we can confirm that ℓ max = 2 is sufficiently convergent for elastic scattering cross section but not for breakup observables, which will be discussed in more detail in Sec. III B.
We show by the dashed line in Fig. 5 the result of microscopic CDCC without Coulomb breakup. One sees that the difference is very small except at backward an- gles. This is also confirmed in the case on 208 Pb at 56 MeV, as shown in Fig. 7 below. Therefore, we can conclude that the Coulomb breakup effects are negligibly small for deuteron elastic scattering, which validates the previous studies [22, [26] [27] [28] [29] . It should be noted, however, that the Coulomb breakup effects are significant for breakup cross sections as shown in Sec. III B. Figure 6 shows the elastic scattering cross sections of deuteron at higher energies, 200 and 400 MeV, on 58 Ni. The microscopic CDCC calculation (solid line) can reproduce the data fairly well at 200 MeV but it undershoots the data at 400 MeV. As mentioned above, the spinorbit part of the microscopic optical potential has been ignored in the present study. However, it is well known that at hundreds of MeV/nucleon, the effect of the spinorbit potential becomes more apparent. Therefore, at 400 MeV, we perform CDCC calculation including the spin-orbit potential; we assume S = 1 and include the s-, p-, and d-wave breakup states. The result is shown by the dashed line in Fig. 6 . One can find that the effect of the spin-orbit potential gives good agreement between the calculated and measured cross sections, at forward angles in particular. We have confirmed that the effect of the spin-orbit interaction is small in other reactions discussed in the present study. Figure 7 shows the result at 56 MeV on 208 Pb. The microscopic CDCC is quite successful in reproducing the experimental data, as in Fig. 3 . Even with the 208 Pb target, as mentioned above, the contribution of the Coulomb breakup is very small on the elastic cross section.
B. Breakup Observables
In Table I we show the total elastic breakup cross section σ EB and its decomposition into the contributions σ EB;ℓ from p-n partial waves for each reaction system discussed in Sec. III A and below. As mentioned, the odd waves contribute to σ EB mainly through the Coulomb breakup. Among them, the p-wave contribution σ EB;1 is dominant because of the properties of the multipoles of the p-A Coulomb interaction. The contributions from ℓ = 3 and 5 are much smaller than σ EB;1 , showing a clear convergence of the result with respect to odd ℓ. On the other hand, for even partial waves, the convergence is very slow at 56 MeV and lower energies. At 21.6 MeV on 58 Ni, σ EB;6 is even larger than σ EB;4 . Nevertheless, fortunately, it is found that adding ℓ = 8 gives a very small change in σ EB ; typically it is less than about 2% and, at maximum, it is 4.5% for the reaction at 56 MeV on 208 Pb. Thus we conclude that our CDCC calculation converges at ℓ max = 6 within a few percent error. To determine the role of higher partial waves ℓ > 2 on elastic breakup cross section, we found that at 56 MeV on 208 Pb, σ EB at ℓ max = 2 differs with ℓ max = 6 by about 8 %, while at 21.6 MeV on 58 Ni, their difference becomes larger at about 26 %. We conclude that elastic breakup cross section does not sufficiently converge at ℓ max = 2, especially at lower energies.
At higher energies, one can directly see a clear convergence with ℓ from the values shown in Table I . Another important finding is that the Coulomb breakup plays an important role also for the light targets. In fact, the Coulomb breakup contributes as much as 18% (30%) to σ EB at 56 MeV on 12 C ( 58 Ni). To see the role of the Coulomb breakup in more detail, we show in Fig. 8 the angular distribution of the total elastic breakup cross section at 56 MeV on 208 Pb. The solid line is the result of the full CDCC calculation and the dashed line is that without p-A Coulomb interaction. As expected, the Coulomb breakup is dominant at forward angles; neglecting the Coulomb breakup decreases the breakup cross section by an order of magnitude at around 5
• . Finally, we show in Table II and Fig. 9 the results of the total reaction cross sections σ R and the neutron removal cross sections σ −n of 56 MeV deuteron on 14 target nuclei. One can see that the results agree fairly well with experimental data, for σ R in particular.
IV. SUMMARY
We have carried out CDCC calculation by employing microscopic scattering potentials, and showed that the observables obtainable from this method agree fairly well with experimental data in a wide range of energies without the need for artificial normalization or any arbitrary parameters. The Coulomb breakup is explicitly taken into account and its contribution to the total elastic breakup cross section σ EB turned out to be significant at forward angles in the case of 56 MeV incident deuteron energy on 208 Pb. Furthermore, its contribution to σ EB was shown to be somewhat large even for light target nuclei. On the other hand, the Coulomb breakup effect on the elastic cross section was found to be negligible in all the cases investigated in the present study. The total reaction cross sections and the inclusive nucleon removal cross sections provided by ERT also agrees fairly well with the experimental data, demonstrating the possible use-case for other nucleon-removal cross section studies in future.
In conclusion, the microscopic CDCC, which is a microscopic effective reaction theory for deuteron-induced reactions, has been shown to be able to describe the existing experimental data for many reaction systems with no free parameters. The success of the microscopic CDCC will be of great importance for proceeding with further studies on deuteron-induced reactions in which unstable nuclei are involved.
